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The genome sequence of the purple sea urchin, Strongylocentrotus purpuratus, a large
and long-lived invertebrate, provides a new perspective on animal immunity. Analysis of
this genome uncovered a highly complex immune system in which the gene families that
encode homologs of the pattern recognition receptors that form the core of vertebrate
innate immunity are encoded in large multigene families.The sea urchin genome contains
253Toll-like receptor (TLR) sequences, more than 200 Nod-like receptors and 1095 scav-
enger receptor cysteine-rich domains, a 10-fold expansion relative to vertebrates. Given
their stereotypic protein structure and simple intron-exon architecture, the TLRs are the
most tractable of these families for more detailed analysis. A role for these receptors
in immune defense is suggested by their similarity toTLRs in other organisms, sequence
diversity, and expression in immunologically active tissues, including phagocytes.The com-
plexity of the sea urchinTLR multigene families is largely derived from expansions indepen-
dentofthoseinvertebratesandprotostomes,althoughasmallfamilyofTLRswithstructure
similar to that of DrosophilaToll can be traced to an ancient eumetazoan ancestor. Several
other echinoderm sequences are now available, including Lytechinus variegatus,a sw e l l
as partial sequences from two other sea urchin species. Here, we present an analysis of
the invertebrate deuterostomeTLRs with emphasis on the echinoderms. Representatives
of most of the S. purpuratusTLR subfamilies and homologs of the mccTLR sequences are
found in L. variegatus, although the L. variegatusTLR gene family is notably smaller (68TLR
sequences). The phylogeny of these genes within sea urchins highlights lineage-speciﬁc
expansions at higher resolution than is evident at the phylum level.These analyses identify
quickly evolvingTLR subfamilies that are likely to have novel immune recognition functions
andother,morestable,subfamiliesthatmayfunctionmoresimilarlytothoseofvertebrates.
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INTRODUCTION
The discovery of an immune function for Drosophila Toll
(Lemaitre et al., 1996) and the subsequent identiﬁcation of
immunerecognitionrolesformammalianToll-likereceptor(TLR)
4( Medzhitov et al., 1997; Poltorak et al., 1998) catalyzed an
intensely renewed interest in innate immunity and more gener-
ally an appreciation for the potential of invertebrate models in
mainstream immunology. As genome sequences from an increas-
ing number of animal phyla are resolved, it has become clear that
TLRsarepresentinvirtuallyalleumetazoans(Messier-Soleketal.,
2010). In the genome of the purple sea urchin, Strongylocentrotus
purpuratus, these receptors are encoded in a very large multigene
family that contrasts sharply with the small families of insects
andvertebrates(Hibinoetal.,2006).Recentlysequencedgenomes
from several animals, including another invertebrate deuteros-
tome, amphioxus, and the annelid Capitella capitata suggest that
large TLR repertoires may be widespread throughout Bilateria
(e.g.,Davidson et al.,2008; Huang et al.,2008).An understanding
of the function of these TLRs may provide a new perspective on
this important family of innate immune receptors.
It is far from settled whether or not these TLRs function in
immunity (Leulier and Lemaitre, 2008). In insects and mammals,
thetwoanimalsgroupsforwhichfunctioniswell-understood,the
mechanisms by which TLRs recognize non-self and the systems
in which they operate differ considerably. In mammals, where
all TLRs function as immune receptors that interact directly with
non-selffactors,defenseistheprimaryrole.Incontrast,Drosophila
Toll signals far downstream of immune recognition and thus
its role in immune recognition is indirect (Lemaitre and Hoff-
mann,2007).TheremainingeightDrosophila TLRshavenotbeen
associated with immunity and, where their function is deﬁned,
are more closely associated with development and other cellular
processes. In Drosophila, Toll-9 is the single member of the Toll
familythatstructurallyresemblesvertebrateTLRs.Althoughearly
work suggested that Toll-9 may be responsible for maintaining
constitutiveexpressionofantimicrobialpeptides(Ooietal.,2002),
more recent studies analyzing Toll-9 mutants reveal that this pro-
tein is not required to mount an efﬁcient antibacterial response
(Narbonne-Reveau et al., 2011). The central role of Drosophila
Toll signaling in mesoderm patterning (Huang et al., 1997) has
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not been demonstrated outside of insects. While mammalian
TLRs have relatively modest roles in modulating cell differenti-
ation (e.g., in the gut), these are sequential to their function in
immune recognition and are not counterparts to the develop-
mental function of Drosophila Toll. Ancient homologs of TLRs
arealsopresentwithinthegenomesof thecnidariansNematostella
vectensis and Hydra magnipapillata (Miller et al., 2007). The sin-
gle TLR in Nematostella structurally resembles Toll, although its
functionhasnotbeeninvestigated.Incontrast,the Hydra genome
encodes four Toll-related proteins (HyTRR-1/HyLRR-1 and Hy-
TRR2/Hy-LRR2) that interact to form two receptors that have
been shown to play a role in epithelial immunity (Bosch et al.,
2009).Thusitremainsdifﬁculttomakedeﬁnitivestatementsabout
function across animal phyla and inference of ancestral function
remains elusive, although there is some indication of an ancient
immune role.
Despite these difﬁculties,other characteristics of the genes that
encode TLRs in the sea urchin and other animal genomes may
shed light on their function and thus on TLR evolution. Here
we present an analysis of TLR multiplicity, phylogeny, diversity,
and expression in the purple sea urchin against the background
of new sequence information from other sea urchin species. We
ﬁnd that the unique characteristics of TLRs in the purple sea
urchin are present also in other sea urchin species. The multi-
plicity, apparently rapid gene turnover, and sequence diversity of
the TLRs within this complex gene family,in addition to enriched
expression in immunologically active tissues are consistent with
a role in immunity. Most notably the evolutionary patterns of
family member diversiﬁcation suggest rapid changes in binding
potential that are unlike those seen in the TLRs of vertebrates or
Drosophila. Thus,TLRs in the sea urchin,and possibly other Bila-
teria, may have been co-opted for use in an immune recognition
strategy that is more evolutionarily dynamic than the pathogen-
associatedmolecularpattern(PAMP)-basedsystemsofvertebrates
and insects. In contrast to the paradigm of vertebrate TLRs, in
which conserved receptors recognize static microbial elements,
in sea urchins, closely related but rapidly diversifying variants of
receptors may respond to quickly evolving pathogens.
MATERIALS AND METHODS
SEQUENCE ANALYSIS
The S. purpuratus genome sequence (v3.1; released July, 2011)
was obtained from SpBase1 (Cameron et al., 2009). Additional
echinoderm genome sequences and unassembled genomic traces
were obtained from the Sea Urchin Genome Project website of
the Human Genome Sequencing Center at Baylor College of
Medicine(HGSC-BCM2)andtheNationalCenterforBiotechnol-
ogyInformation(NCBI;Lytechinusvariegatus GenBankAssembly
ID: GCA_000239495.1; L. variegatus 454 sequence: SRX112894,
SRX112895, SRX112896). The Saccoglossus kowalevskii genome
(Skow_1.0) was obtained from the HGSC-BCM website3.
Genome sequences were translated and open reading
frames were identiﬁed using tools within the EMBOSS
1www.spbase.org
2www.hgsc.bcm.tmc.edu/projects/seaurchin
3http://www.hgsc.bcm.tmc.edu/project-species-o-Acorn%20worm.hgsc
package.4 All potential open reading frames greater than 75
amino acids in length, without requirement to start with a
methioninewereanalyzed.Domainsearcheswereperformedwith
HMMER 3.05 and leucine-rich repeats (LRRs) were identiﬁed
using LRRﬁnder (Offord et al., 2010). TLR sequences were clas-
siﬁed into three categories: (1) complete genes that were uninter-
ruptedbyastopcodoninthetranslatedsequence;(2)pseudogenes
that were characterized by an in frame stop codon or frame shift
leading to missense sequence; or (3) partial genes in which the
sequences were truncated by either the end of a scaffold or inde-
terminate sequences (N’s). Genomic coordinates and descriptions
of the TLR sequences can be found in Tables S1 and S2 in Supple-
mentary Material. Sequences were aligned using ClustalX (Larkin
et al., 2007), and alignments were manually edited in Bioedit
(Hall,1999). Sequence entropy was calculated based on described
methods (Durbin et al.,1998).
Phylogenetic analyses of the Toll/Interleukin-1 Receptor (TIR)
domains were done in MEGA5.0 (Tamura et al.,2011). Neighbor-
joining trees were constructed using evolutionary distances cal-
culated with the Poisson correction method. Alignment positions
containing gaps were removed from the entire analysis. Bootstrap
support was calculated based on 1,000 replicates.
An analysis of evolutionary selection was performed for each
TLR subfamily that contained eight or more complete, non-
pseudogene sequences. Sequence alignments for that were used
for these analyses are in Files S1–S6 in Supplementary Material.
A maximum likelihood tree built in PHYLIP (Felsenstein, 2005)
served as the working topology for the analyses. Selection within
the sequences was analyzed in CODEML within PAML (Yang,
2007) under two models: the M7 model, which allows neutral
or purifying selection, and the M8 model, which also includes a
class of sites that evolve under positive selection. The two models
werecomparedusingalikelihoodratiotest(Yang,1998).Residues
under positive selection were identiﬁed using the Bayes empirical
Bayes approach under the M8 model (Yang, 2007).
To validate the multiplicity of the TLR gene families within the
S. purpuratus and L. variegatus assembled genomes and also to
estimate the gene family sizes inAllocentrotus fragilis and Strongy-
locentrotus franciscanus, we analyzed the unassembled genomic
traces. The amino acid sequences of the TIR domains from the S.
purpuratus andL.variegatus TLRswereusedasqueriesinatblastn
search against the unassembled traces from A. fragilis, S. francis-
canus, and L. variegatus. All traces that matched with an e-value
of less than 0.01 were collected and used as queries in a blastx
search against the TIR domains to classify the partial sequences by
subfamily and to enumerate the sequences.
LARVAL CULTURE, INFECTION MODEL, AND COELOMOCYTES
S. purpuratus larvae were maintained at a concentration of four
larvae per mL in artiﬁcial seawater (ASW; Instant Ocean) at 15˚C
and fed Rhodomonas lens (5,000/mL) starting at 5days post-
fertilization (dpf). For some of measurements of TLR transcript
prevalenceS.purpuratus larvaewereexposedtoVibriodiazotroph-
icus (ATCC strain 33466). Samples were collected at 0, 6, 12, and
4emboss.sourceforge.net
5www.hmmer.org
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24h of exposure to bacteria and used in RNA-Seq analysis. The
larvae in these four samples were derived a single fertilization of
eggs from one female.
To induce an immune response, a single adult animal was
injected intracoelomically with complex microbiota isolated from
the gut of another adult animal (4.8×106 total bacteria). After
12h, whole coelomocytes and gut tissue were collected for RNA-
Seq experiments. Phagocytic coelomocytes were isolated using
discontinuous gradient density centrifugation (Grossetal.,2000).
Gut tissue was homogenized for RNA extraction and consisted of
mixed samples from the entire length of the gut.
RNA-Seq
Total RNA was isolated using Trizol (Invitrogen), and mRNA was
puriﬁed with the Poly(A)Purist kit (Ambion). cDNA sequencing
wasperformedonanAppliedBiosystemsSOLiD4and5500SOLiD
machines at the Sunnybrook Genomics Facility. For the larval and
coelomocytesamples,thepaired-endreadswere50and35ntlong;
from the gut, paired-end reads were 75 and 35nt in length.
Sequences were mapped in color space to the S. purpuratus
genome(v3.1)usingBowtieversion0.12.7(Langmeadetal.,2009)
with the following parameters that differed from the default: up
to 50 alignments reported for each read (-k); reads with greater
than 50 alignments suppressed (-m); the maximum number of
mismatches in the seed was set at 3 (-n);the maximum sum of the
quality scores for mismatches was 900 (-e); ﬁve nucleotides were
trimmed from the 3  ends of the reads (-3); and the SNP frac-
tion was set at 0.04 (–snpfrac), which is consistent with estimates
of SNPs in the sea urchin genome (Sodergren et al., 2006). Only
readsthatmappedtotheTIRdomainswereincludedintheexpres-
sion analysis of TLR subfamilies and reads that mapped to TLR
genes from more than one subfamily were excluded. TIR domain
sequences for which >5% of the reads mapped in the incorrect
direction with respect to the coding sequence were not included
in the analysis.
RESULTS
THE EXPANDED TLR FAMILY IN THE PURPLE SEA URCHIN
Toll-like receptors are type-1 transmembrane proteins with a
solenoid-like ectodomain structure composed of a series of LRRs
that is responsible for ligand-binding (Jin and Lee, 2008). The
hydrophobic core of this structure is capped on either end by
specialized cysteine-rich LRR-NT and LRR-CT domains that are
distinct in sequence and structure from the central LRRs. Here-
after, “LRRs” refers only to the central repeats. C-terminal to
the single transmembrane region is a TIR domain that mediates
interactions with downstream signaling factors (Gay and Keith,
1991; O’Neill and Bowie, 2007). Our previous analysis of the S.
purpuratus genome (v2.1) identiﬁed 222 genes that encode TLR
homologs (Hibino et al., 2006). This genome assembly contained
114,222 scaffolds with an N50 of 123.5kb. Improvements to the
assembly using additional BAC sequencing and high-throughput
next-generation sequencing strategies have resulted in the most
recent version (v3.1) that is composed of 32,008 scaffolds with
an N50 of 401.9kb (see text footnote 1). To incorporate these
updates to the genome sequence into our analysis of the S. pur-
puratus TLR gene family, we reanalyzed the improved genome
(v3.1)toidentifyopenreadingframesthatcontainedTIRdomains
(Pfam domain PF01582.12). The majority of sea urchin TLRs
are encoded in a single exon, which enables their identiﬁcation
directly from the translated genome, rather the predicted gene
models. The sequence ﬂanking the TIR domains was analyzed
for the presence of other protein domains,including a transmem-
braneregion,LRR-CT,centralLRRs,LRR-NT,andsignalpeptides.
In total,284 TIR domains were identiﬁed in the genome that were
part of authentic genes or pseudogenes. TIR domains are also
present in several other molecules, including the TLR adaptors
andIL1Rfamilymembers,whichwereexcludedfromtheanalysis.
The remaining TIR domains deﬁned 253 TLR sequences within
the sea urchin genome.
Mostof theseaurchinTLRproteins(240)arestructurallysimi-
lartothoseofvertebrates(Figure1).TheLRRsintheectodomains
of these proteins are ﬂanked by LRR-NT and LRR-CT domains.
TLRs with this type of extracellular domain are structurally dis-
tinct from Drosophila Toll (Rock et al., 1998) and are known
as single cysteine cluster TLRs (sccTLRs; Leulier and Lemaitre,
2008). The sea urchin sccTLRs have between 21 and 25 LRRs.
This is the structure of the vertebrate TLRs as well as Drosophila
Toll-9 (Table 1). In addition, the sea urchin genome contains 13
TLRs that differ from the sccTLRs both in the structure of the
ectodomain and also in the sequence of the TIR domain. Five of
these divergent TLRs are characterized by shortened ectodomains
thatarecomposedofnineLRRs,ratherthanthetypical21–25.The
LRRs within the ectodomains of these short TLRs are ﬂanked by
LRR-NT and LRR-CT domains (Figure 1). Four of the divergent
TLRs, which comprise a supported clade, resemble the sccTLRs
with respect to domain architecture, but the coding sequence is
interrupted by a single intron. Finally, the ectodomains of four of
the sea urchin TLRs resemble those of Drosophila Toll, in which
LRR-CT and LRR-NT domains interrupt the typical LRRs. This
domain organization has been termed multiple cysteine cluster
TLRs (mccTLRs; Figure 1; Leulier and Lemaitre, 2008) and is the
predominant structure of the Drosophila Toll proteins (Table 1).
The TIR domains of the 253 TLR sequences were used in phy-
logenetic analysis to further classify the genes (Figure 2). The 240
sccTLRs form a strongly supported clade that is distinct from the
divergent short, intron-containing, and mccTLR sequences. Our
previous analysis of these sequences identiﬁed seven groups of
sccTLRs (I–VII; Hibino et al., 2006). Here, we describe the pres-
enceofanadditionalfourgroups(VIII–XI)basedonconservation
with other sea urchin species and by eliminating the previously
named “orphan” sequences (Figure 2; File S7 in Supplementary
Material). Some of the groups are also divided into smaller sub-
families. The group I genes fall into eight subfamilies (Ia–Ih) and
the group II genes form the IIa and IIb subfamilies. Groups vary
considerably in multiplicity and sequence variability. The largest
subfamily (Ia) consists of 48 closely related genes. In contrast, the
eightTLRsthatbelongtogroupVIareonlongerbranchesthatmay
reﬂect a more ancient evolutionary history (Figure2). In contrast
withouranalysisof theTLRsfromthepreviousgenomeassembly,
an additional 31 TLR sequences were identiﬁed, the majority of
which belong to the Ic subfamily [there were 13 Ic genes in the
v2.1 assembly (Hibino et al.,2006),and 37 in v3.1 (Table 3)]. The
genes within this subfamily are clustered in large tandem genomic
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FIGURE 1 |TheTLR subfamily in sea urchins.The protein domain
structure for each of theTLR subfamilies is shown. Among the sccTLR
sequences, the number of LRRs varies from 21 to 25.TLRs in
subfamilies Ib and Ie vary in the total number of LRRs (LRRs that are
not present in all sequences are shown in light gray).The divergentTIR
sequences that are present in the mccTLRs, intron-containing, and
shortTLRs are shown in light blue (see Figure 2).The numbers ofTIR
domains from each group and subfamily that are present in the S.
purpuratus and L. variegatus genomes are shown below the diagram
structures.
Table 1 | Sizes ofTLR gene family vary among species.
Phylogeny Species sccTLRs mccTLRs
Deuterostome Chordate Homo sapiens 11 0
Mus musculus 13 0
Petromyzon marinus1 16 0
Ciona intestinalis2 30
Branchiostoma ﬂoridae3 60 12
Echinoderm Strongylocentrotus purpuratus 250 3
Allocentrotus fragilis 2764 >1
Strongylocentrotus franciscanus 2284 >1
Lytechinus variegatus 64 3
Hemichordate Saccoglossus kowalevskii 71
Protostome Ecdysozoa Drosophila melanogaster 18
Caenorhabditis elegans 01
Lophotrochozoa Capitella capitata5 104 1
Helobdella robusta5 01 6
Cnidarian Nematostella vectensis6 01
Hydra magnipapillata6 2
1Kasamatsu et al. (2010); our independent analysis of this genome identiﬁed 19TLRs.
2Sasaki et al. (2009).
3Holland et al. (2008).
4Estimates based on number of traces (seeTable S3 in Supplementary Material).
5Davidson et al. (2008).
6Miller et al. (2007).The sequences in Hydra are divergent,TLR-related molecules consisting of two chains that cannot be assigned to either the sccTLRs or mccTLRs.
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FIGURE2|P h ylogeny of sea urchinTLR sequences.TheTIR domains
from the S. purpuratus (red branches) and L. variegatus (blue branches)
TLRs were used to construct a neighbor-joining tree in MEGA 5.0 (Tamura
et al., 2011) using Poisson corrected distances. Alignment positions
containing gaps were eliminated completely from the analysis. Bootstrap
values are shown and are based on 1000 replicates. Each of these clades is
also reconstructed using other methods (maximum likelihood and
maximum parsimony; data not shown).The subfamily for each clade is
designated on the right. A more detailed version of this tree is shown in
FigureA1 in Appendix.
arrays. The larger scaffolds and higher quality sequence in the
current assembly enable the identiﬁcation of these genes.
Additionally,eachof theTLRsequenceswasclassiﬁedasacom-
plete gene, pseudogene, or partial gene based on the presence of
in frame stop codons, and the presence of ambiguous ﬂanking
sequence. Given the complexity of this gene family and the simi-
larity among the sequences, it is not surprising that many of the
TLR genes are partial due to difﬁculty in assembling very similar
sequence. Overall, 23% of the 253 TLR TIR domains were from
partial gene sequences (Table 3). Pseudogenes are identiﬁed as
those with in frame stop codons or frame shifts that result in mis-
sense sequence. Most of the frame shifts and point mutations that
were used to designated pseudogenes (80%) could be conﬁrmed
by analysis of the genomic trace sequences and chromatographs.
However, a few genes that appeared to be pseudogenes in the
assembly were shown to be intact genes when the traces were
analyzed more carefully (this includes the single group XI gene).
Someof thepseudogenesareverysimilartocompletegenes,while
others differ substantially in sequence. The proportion of pseudo-
genes varies among groups (Table 3; Hibino et al.,2006),which is
likely a function of varying turnover rates across the subfamilies.
Inthisanalysis,weonlyincludedsequencesthatencodeintactTIR
domains.Thus,thisassessmentof pseudogenesisincomplete,and
many other related sequences that appear to be pseudogenes are
present in the genome,varying from almost intact genes to highly
divergent sequence fragments.
Although the TIR domains from all the TLRs can be aligned,
the LRR portions of these proteins are unalignable across sub-
families. The orthology of individual LRRs cannot be reliably
established across groups due to the variation in the number of
LRRs and the lack of sequence similarity. Despite the sequence
diversity among groups, the ectodomains of TLRs within groups
are similar, both with respect to sequence and also the number of
LRRs (Figure1). The exceptions to this are TLRs in subfamilies Ib
and Ie, which, although they are similar in sequence, vary in the
number of LRRs as a result of discrete deletions or insertions of
one or more complete LRRs.
The overall evolution of these groups is difﬁcult to determine.
Although each of the subfamilies consistently forms a clade,there
is little support for the deeper relationships between the groups. It
isnotable,however,thattheseaurchinsccTLRsequencesappearto
be the result of an expansion speciﬁc to the echinoderm lineage.
When TLRs from mammals, other invertebrate deuterostomes,
including hemichordates, urochordates, or cephalochordates, or
protostomes are included in the analysis, the sea urchin sccTLRs
form a strongly supported clade, but support for inter-phyla rela-
tionships is not present (data not shown; Messier-Solek et al.,
2010).
SEQUENCE DIVERSITY AND SIGNATURES OF SELECTION WITHIN THE
TLR SUBFAMILIES
The sea urchin TLR sequences exhibit striking amino acid diver-
sity. There is signiﬁcant variability within the conserved leucine-
rich repeat framework,both with respect to changes in the amino
acid sequence and also short indels. To characterize this diversity
we analyzed the sequence entropy of each alignment position for
the subfamilies that contained eight or more complete sequences
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excluding pseudogenes (Ia, Ib, Ic, IIa, III, and IV; Figure 3).
Sequence entropy is a measure of diversity that is based on the
frequency of each amino acid at each position (Durbin et al.,
1998). Results indicate that within subfamilies, the TIR domains
are much more conserved than the LRR-containing ectodomains.
On average, the ectodomain diversity is three times higher than
that of the intracellular TIR domain (Figure 3; Table 2). This is
consistent with an association between LRR sequence diversity
andligand-bindingfunction.Furthermore,thelevelsandpatterns
of diversity vary among the subfamilies. The average diversity of
the Ia sequences was over three times that of the Ic sequences,
althoughbothgroupsarecomposedof asimilarnumbersof genes
(Figure 3). The peak in LRR diversity also varied among subfam-
ilies. In subfamily Ia, the most diverse region of the ectodomains
is in LRR16-18, whereas in subfamily IIa, the highest diversity is
observedinLRR3andLRR14.Thisvariationinsequencediversity
may reﬂect differences in ligand-binding mechanisms among the
TLR subfamilies.
We further analyzed the patterns of selection within the S.
purpuratus TLRs. Sequence entropy measures the diversity of
the amino acids sequences, whereas the selection analyses within
PAML take into account the underlying relative frequencies of
synonymous and non-synonymous nucleotide substitutions that
result in the protein sequence variability. The evolution of the
sea urchin TLR sequences was analyzed under two models imple-
mented in PAML that were compared using a likelihood ratio test
(Yang, 2007). The ﬁrst model, M7, allows codons to evolve under
only neutral and purifying selection, whereas the second model,
M8, also includes a class for residues that evolve under positive
selection. For each of the six subfamilies analyzed, the M8 model
that incorporated positive selection was a signiﬁcantly better ﬁt
to the data (Table 2), suggesting that at least some of the residues
withintheTLRgenesaresubjecttopositiveselection(Yang,1998).
Speciﬁc sites that are likely to be under positive selection
were identiﬁed and mapped onto a generic structure for the LRR
ectodomain that is based on a simple solenoid model (Figure 4).
The subfamilies varied in the number and pattern of speciﬁc
residues under positive selection. Of the 170 total residues likely
to be under positive selection from the six TLR subfamilies ana-
lyzed, 156 fell within the typical LRRs of the ectodomain, which
is a signiﬁcant enrichment compared to the more conserved TIR
domains(Table 2;Figure4A).Onlyoneof theseresiduesincluded
aconservedaminoacidsthatformtheLRRframework(subfamily
Ic, LRR15). Two residues were located in the TIR domain (both
in subfamily Ib) and the remaining 10 sites were within either
the LRR-NT or LRR-CT domains. The TLRs of families Ia and Ib
had the greatest number of sites under positive selection (51 and
53, respectively; Table 2). This is in contrast to subfamily IIa, in
which no speciﬁc residues were identiﬁed as signiﬁcantly likely to
be under positive selection.
Notably, the sites under diversifying selection are highly clus-
tered on the three dimensional interpretation of the ectodomain
structure (Figure4). In subfamily Ia,the vast majority of the sites
were located within the β-strands that form the concave face of
the solenoid ectodomain (red dots; Figure 4B). In contrast, the
positively selected residues of subfamily Ic are more scattered
throughout the ectodomain (Figure 4A). Subfamilies Ia and IV
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FIGURE 3 |TLRTIR domains are more conserved than the LRR regions.
The diversity of the amino acid sequences for each of the subfamilies that
contain more than eight complete sequences was analyzed as a measure
of sequence entropy (Durbin et al., 1998). In the graphs shown, the light
blue line indicates the average diversity over a sliding window of 10 amino
acids, and the black line shows the average diversity of each of the protein
domains marked on the x-axis. In each of the subfamilies, theTIR domains
exhibit greater conservation than the ectodomains, and there is signiﬁcant
sequence variation within the LRR domains.
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Table 2 | Diversity and evolution of theTLR sequences.
Group No. of
Seq1
lnL −2lnΔL Sites likely under positive selection Entropy2
M7 M8 Total Codon positions3 ECD TIR
Ia 19 −21206.2 −20866.9 678.7* 51 55 64 81 105 126 129 131 153 154 158 175 177 178 180 196 205 206
207 229 230 254 279 283 284 310 311 313 335 414 416 417 419 438
441 443 463 464 465 468 492 494 495 496 502 522 524 532 556 558
604 606
0.70 0.23
Ib 9 −10933.8 −10749.8 368.0* 53 18 53 74 75 98 99 118 120 124 148 149 150 172 173 189 191 193 217
243 244 256 267 269 270 271 280 296 392 416 418 440 445 464 496
498 516 517 518 520 524 538 540 542 543 544 574 575 576 579 624
699 781 848
0.41 0.17
Ic 22 −8888.6 −8855.4 66.4* 24 5 11 37 90 102 148 151 165 167 194 208 210 212 213 267 274 291 303
314 321 421 425 426 442
0.21 0.08
IIa 8 −16706.3 −16695.2 22.2* 0 n/a 0.91 0.32
III 10 −13414.9 −13377 .4 74.9* 13 118 286 287 310 332 335 405 410 434 457 535 585 611 0.59 0.23
IV 9 −12938.6 −12834.3 208.5* 29 42 82 84 107 154 157 181 183 204 205 231 232 283 387 388 390 409
412 413 436 440 441 442 462 463 466 467 503 588
0.63 0.14
*p<0.005.
1Includes only complete, non-pseudogenes.
2Average sequence entropy of all residues within the ectodomain (ECD) orTIR domain.
3Codon positions refer to those in Files S1–S6 in Supplementary Material.The domain structure of theTLRs is a signal peptide, LRR-NT, LRRs, LRR-CT, transmembrane
region, and the TIR domain (see Figure 1). Residues shown in bold are located within the LRRs. Underlined residues are located in either the LRR-NT or LRR-CT.
Residues shown in italics are located within theTIR domain.
contain two distinct clusters of residues under positive selection
(LRR1-11/LRR14-21 in subfamily Ia and LRR1-9/LRR13-17 for
subfamily IV; Figure 4A). In general, the LRRs with greater pos-
itive selection also correspond to the more diverse LRRs shown
in Figure 3 although these analyses measure different elements of
sequence diversity.
TLR EXPRESSION
The expression levels of the TLR subfamilies were analyzed in sea
urchinlarvaeandadultimmunecellsandguttissueusinganRNA-
Seqapproach(Figure5).Asinglebatchofseaurchinlarvae(9dpf)
was exposed to the marine bacterium V. diazotrophicus, and sam-
ples were collected at 0, 6, 12, and 24h. For each time point, ∼75
million paired-end SOLiD sequencing reads were obtained.Addi-
tionally,an adult sea urchin was challenged using bacteria isolated
from the digestive tract of another animal to mimic a perforation
in the gut and systemic infection. This is intended as a physiolog-
ically relevant immune challenge that may be expected to induce
a coordinated and complex immune response. Adult phagocytic
coelomocytes and gut were isolated 12h after challenge and used
in RNA-Seq experiments, with approximately 130 million and 70
million paired-end reads obtained for each tissue, respectively.
From this animal, ∼40 million phagocytes were collected, from
which 1.5μg of polyadenylated mRNA was isolated and used to
generate cDNA for sequencing.
Using RNA-Seq data to analyze the expression of genes from
multigene families is not trivial. Standard protocols from RNA-
Seq analysis require sequence reads to map uniquely to a ref-
erence genome. However, this prevents reads from mapping to
closely related paralogs and may artiﬁcially lower the expres-
sion values for these types of gene. Furthermore, most high-
throughput sequence mapping programs are designed for use
with the genomes of inbred organisms. Given the similarity of
the TLR genes within subfamilies and the relatively high poly-
morphism among sea urchins (estimated genome heterozygos-
ity is 4–5%; Britten et al., 1978; Pespeni et al., 2011), we have
relaxed the stringency of the mapping parameters to analyze
the expression of the TLRs. Reads were allowed to map to the
genome up to 50 times to accommodate a single read map-
ping to multiple TLR paralogs, which is slightly larger than the
biggest subfamily (Ia, which has 48 sequences). Including only
uniquelymappingreadsintheanalysisdisproportionatelyreduces
the expression of the larger subfamilies with closely related genes.
Therefore, while we are unable to assess the transcript prevalence
of any particular gene relative to its subfamily counterparts, we
are able to quantify collective subfamily expression. To clearly
assign reads to speciﬁc subfamilies, reads that mapped to TLRs
from multiple groups, were removed from the analysis (this rep-
resented 771 of 20,332 total reads; 3.7%). To account for the
high heterozygosity of the sea urchin genome and the expected
genetic differences between the experimental animal and that
used for the reference genome, we also increased the number of
mismatches. These relaxed parameters, however, did not result
in a high background of spurious read mapping. Reads that
mapped to TLR sequences were directionally speciﬁc (<2% of
reads mapped in the incorrect orientation for genes that stood
above background), which lends additional conﬁdence to our
measurements.
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FIGURE 4 |Analysis of positive selection withinTLR subfamilies. (A)The
majority of residues subject to positive selection are located in the putative
convex face of the ectodomain. Residues under positive selection were
identiﬁed in each subfamily containing more than eight complete,
non-pseudogene sequences using PAML (Ia, Ib, Ic, IIa, III, and IV;Yang, 2007).
Sequence alignments can be found in Files S1-S6 in Supplementary Material.
Each of the LRRs is shown as a single row with individual amino acids
indicated as squares. Consensus hydrophobic LRR residues are shown in
gray and the conserved asparagines residues are indicated in
(Continued)
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FIGURE 4 | Continued
green (Bell et al., 2003; Kang and Lee, 2011). Amino acids under positive
selection are shown in red; insertions into the LRR framework are indicated
by yellow squares.The predicted consensus structure is indicated below the
squares: the ﬁrst 10 amino acids form the β-strands on the convex surface of
the ectodomains, while the rest of the LRR forms the loop structures. In
subfamily IIa, no individual residues were found to be likely under positive
selection. (B) Positive selection within the Ia subfamily. A generalizedTLR
structure is shown based on known solenoid structures of LRR-containing
proteins.The majority of positively selected positions are located within the
β-strands (red dots), and a few residues are also located on the front face of
theTLR just beyond the β-strands (yellow dots). One positively selected
residue is found on the outside of the LRRs (blue dot), and there are four
residues under positive selection that are not located within the LRRs (two in
the LRR-NT domain, and one on either side of the transmembrane domain;
green dots).
Geneexpressionlevelsaremeasuredasthenumberofreadsthat
mapped to the gene per kilobase per million reads mapped to the
genome(RPKM;Mortazavietal.,2008).RPKMisastandardmea-
sureofgeneexpressionusedinhigh-throughputsequenceanalysis
that takes into account the length of the gene (longer transcripts
produce more sequence fragments), and the total size and quality
of the library (poor quality libraries produce reads that do not
map to the genome and there is always variation in the number
of fragments that are sequenced). These values are comparable
across samples and time points. Given the similarity of the TLRs,
and the possibility for a read to map to multiple subfamily mem-
bers, we present the data as the average RPKM for each subfamily
(Figure 5).
In sea urchin larvae, the RPKM values of the TLR subfamilies
are generally low relative to the expression values of the adult tis-
sues (Figure 5A). However, because the whole animal was used
in the sequencing, it may be expected that the TLRs are expressed
at relatively higher levels in a small subset of cells within the ani-
mal. The highest expression levels are observed for TLR subfamily
Id, group VI and the single sequence of group X. This is con-
sistent with qPCR measurements of transcript prevalence (data
not shown). Furthermore, while the larvae are able to mount a
robust and complex antibacterial response, only modest change
is observed in TLR expression in response to bacterial challenge.
Many of the TLR subfamilies that are prevalent in adult tissues
were not evident in this ontogenetic stage.
We also analyzed RNA-Seq data from phagocytic coelomo-
cytes collected from an immune-challenged animal. There are
fourprimaryclassesof adultseaurchincoelomocytes:phagocytes,
vibratile, colorless spherule cells, and red spherule cells (Smith
et al.,2011). Preliminary qPCR data suggests that TLR expression
isminimalinthevibratile,colorlessspherule,andredspherulecell
fractions relative to the phagocytes (data not shown). Analysis of
RNA-Seqdatafromimmune-challengedphagocytesindicatesthat
several immune-related genes are expressed in these cells,suggest-
ingthattheanimalisrespondingtoimmunechallenge.Incontrast
to the larval stage, adult coelomocytes express a different suite of
TLR subfamilies (Figure 5B). Genes from subfamilies Ib and IIa
areexpressedhighly,asistheTLRgenethatcomprisestheXgroup,
and, notably, the mccTLR genes. Compared to the RPKM values
from the larval stage, the average expression levels for the TLR
subfamilies in coelomocytes are 20 times higher. Although there
may be speciﬁc cells within the larvae that express the TLRs at
higher levels, this enrichment of RNA-Seq reads that map to the
TLR genes in the coelomocyte sample further suggests a role of
these proteins in immunity.
Gut tissue was also collected from the immune-challenged ani-
mal described above and analyzed by RNA-Seq. The adult gut
expressesasuiteof TLRgenesthatisdistinctfromthoseexpressed
in adult coelomocytes and the larval stage (Figure 5C). Here,
TLRs from subfamilies III and Ia, as well as the divergent, intron-
containing TLRs exhibit the highest levels of expression. Expres-
sion of the group X and mccTLRs, which are highly expressed by
coelomocytes, was not observed in the gut. These varied expres-
sion patterns may point to different roles in the TLR subfamilies
in different tissues and at different life stages.
TLRs IN OTHER SEA URCHIN SPECIES
As part of the Sea Urchin Genome Project, genome and tran-
scriptome sequencing is underway in several other echinoderm
species. A genome sequence is available from L. variegatus, which
last shared a common ancestor with S. purpuratus about 50 mil-
lion years ago (Smith et al., 2006). We analyzed the L. variegatus
genome using the same methods as the S. purpuratus genome
and identiﬁed 68 TLR genes, either as ORFs that contained a TIR
domain in addition to the presence of a transmembrane region,
LRR-CT domain,and LRRs or by sequence similarity to S. purpu-
ratus TLRs.TheTIRdomainsequencesfromthesegeneswereused
in phylogenetic analysis with the S. purpuratus TLR TIR domains
to classify the L. variegatus genes into subfamilies (Figure 2). The
majority of the L. variegatus TLR genes group with the S. pur-
puratus sccTLR subfamilies (60 of 68). Notably, the L. variegatus
genomealsoencodesorthologsof theintron-containing,mccTLR
and short TLR sequences. Although homologous representatives
of most of the S. purpuratus sccTLR subfamilies were present in
the L. variegatus genome, no sequences were identiﬁed that were
orthologous to subfamilies Ib, Ic, Id, Ie, Ig or group VII genes
(Table 3). In addition to the 10 S. purpuratus sccTLR subfamilies,
an additional subfamily, IIIa, is found only within L. variega-
tus (Figure 2). This strongly supported clade consists of eight
sequences and is sister to the S. purpuratus group III sequences.
Notably, there are three pairs of orthologous sequences with a
single representative in each sea urchin species, the phylogenetic
stability of which may suggest a more conserved ligand-binding
function relative to the other subfamilies of higher diversity and
multiplicity (see groups IX, X, and XI; Figure 2). One of these,
subfamily X, which has a single representative in both sea urchin
species, is highly expressed in both the S. purpuratus larva and
coelomocytes (Figure 5).
To estimate gene copy number of the TLRs in L. variegatus
in an assembly independent manner, we analyzed the unassem-
bled genomic trace sequences. A conserved region of each of the
TIR domains of the 253 S. purpuratus and the 68 L. variegatus
TLR sequences was used as a query in a BLAST search against the
sequences that were used to assemble the L. variegatus genome. In
total,1054 unique sequences were recovered with similarity to the
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FIGURE 5 |TLR subfamilies are differentially expressed. RNA-Seq was
used to analyze gene expression from larvae (A), immune cells (B), and gut
(C). Phagocytic coelomocytes and gut were isolated from an animal 12h
after intracoelomic injection of a gut bacteria preparation. Larvae were
exposed to V. diazotrophicus for 0, 6, 12, and 24h, and collected for
transcriptome sequencing. RPKM values were calculated for each of the
TIR domains; the average RPKM for each group is shown.The sccTLR
subfamilies correspond to those shown in Figure 2. Note that the scales
are different for each graph.The divergentTLRs are indicated as follows: M,
mccTLRs; S, short; Int, intron-containing (Figure 1). In phagocytic
coelomocytes,TLRs from the Ib, IIa, and X subfamilies, as well as the
mccTLR genes are most highly expressed. In contrast, the IIITLRs are
primarily expressed in the gut tissue.TheTLRs are expressed at lower
levels in the larvae, and little change inTLR expression in the larvae is
observed in response to bacterial challenge.The predominantly expressed
families at the larval stage are Id and VI, are different than those expressed
in coelomocytes.
Table 3 | Sizes of sea urchinTLR subfamilies.
Group S. purpuratus L. variegatus
Total Complete Partial Pseudo1 (%)
Ia 48 19 13 16 (33) 12
Ib 16 9 4 3 (19) 0
Ic 37 22 3 12 (32) 0
Id 12 3 4 5 (42) 0
Ie 6 3 1 2 (33) 1
If 3 2 0 1 (33) 5
Ig 7 3 3 1 (14) 0
Ih 3 2 1 0 (0) 1
I orphan 1 1 0 0 (0) 0
IIa 20 8 6 6 (30) 8
IIb 13 6 3 4 (31) 7
III 29 11 11 7 (24) 2
IIIa 0 0 0 0 (0) 10
IV 13 9 1 3 (23) 2
V 8 2 3 3 (38) 0
VI 8 5 2 1 (13) 8
VII 9 6 1 2 (22) 0
VIII 4 4 0 0 (0) 1
IX 1 1 0 0 (0) 1
X 1 1 0 0 (0) 1
XI 1 1 0 0 (0) 1
Intron 4 2 2 0 (0) 1
Short 5 5 0 0 (0) 4
mccTLR 4 3 1 0 3
Total 253 127 59 67 (26) 68
1Includes only pseudogenes that encode intactTIR domains. Actual numbers are
higher.
sea urchin TLRs. Given 19.5× coverage (the 48,120,406 reads had
an average length of 340nt, and the L. variegatus genome is esti-
mated to be 840MB; Hinegardner,1974),this indicates that there
are 54 TLR TIR domains (Table S3 in Supplementary Material).
ThisisslightlylowerthanthenumberofTLRsequenceswithinthe
assembledgenome,whichmayreﬂectthepresenceof alleliccopies
retainedintheassembly.ThisdataisconsistentwithaL.variegatus
TLR gene family that is smaller than that of S. purpuratus,but still
expanded relative to vertebrate TLR families.
Low coverage 454 reads are also available for the genomes of
two sea urchin species closely related to S. purpuratus: A. fragilis,
and S. franciscanus. Despite the nomenclature, A. fragilis is most
closely related to S. purpuratus,with an estimated divergence time
of 5–7 million years ago. These sister species shared a common
ancestor with S. franciscanus about 20 million years ago (Bier-
mann et al.,2003;Lee,2003). These low coverage reads (∼2×)a r e
insufﬁcienttoassembleacompletegenomesequence,butallowus
to estimate the multiplicity of the TLR gene family. The sequences
from both species are an average of ∼235nt in length, which is
shorter than most TIR domains (the average size of the TLR TIR
domains from S. purpuratus and L. variegatus is 354nt). To sim-
plify the analysis and to avoid sequences matching to partial TIR
domains,weextractedaconservedregionof theS.purpuratus and
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L. variegatus TLR TIR domains (50 amino acids) to use as queries
in a BLAST search against the unassembled traces from A. frag-
ilis and S. franciscanus. Positive reads were isolated and used as
queries in a BLAST search against the whole TIR domains from
S. purpuratus and L. variegatus to classify the reads by subfamily
(Table S3 in Supplementary Material).
In total, 580 unique reads from A. fragilis and 524 reads from
S. franciscanus were identiﬁed that exhibited similarity to the sea
urchin TLR domains, which indicates that the TLR gene fami-
lies in these species consist of 276 and 228 sequences, respectively
(Table S3 in Supplementary Material). The distribution of TLRs
among subfamilies is consistent with that in S. purpuratus.T h e r e
is a reduced number of Ic TLRs inA. fragilis and S. franciscanus (4
and 16, respectively, compared to 37 in S. purpuratus), suggesting
that these highly similar and genomically clustered genes may be
the product of a very recent expansion in S. purpuratus. Similarly,
thereisanenrichmentinthenumberof groupIIITLRswithinthe
A. fragilis genome, which is estimated to have 61 TLR sequences,
ascomparedto29inS.purpuratus and26inS.franciscanus.There
are also homologs of each of the groups that contain a single rep-
resentative in S. purpuratus and L. variegatus (groups IX, X, and
XI), which may point to a conserved function for these recep-
tors. Homologs of each of the divergent S. purpuratus subfamilies
are present in both A. fragilis and S. franciscanus, including the
mccTLRs. None of the sequences showed similarity to the group
IIIa sequences, which appear to be unique to the L. variegatus
lineage. As genome sequences become available for additional sea
urchinspecies,aswellasotherechinoderms,ourunderstandingof
the evolution of this complex gene family will be further resolved.
DISCUSSION
The sizes of the gene families that encode TLRs vary substantially
among metazoan species (Table 1). Although sea urchin genomes
encode the largest of these families, signiﬁcant expansions have
also occurred in the genomes of amphioxus, which has 72 TLR
genes (Huang et al., 2008), and the annelid C. capitata, which
encodes 105 (Davidson et al., 2008) as well as other invertebrate
species that are now being sequenced. Each of these expansions
generatesauniquesuiteofTLRsthatarenotgenerallyorthologous
to TLRs in other species. This is not surprising,however,given the
apparentrapidturnoverofthesegenes,assuggestedbythepropor-
tion of pseudogenes and high similarity of some family members.
This pattern of species-restricted paralogy is consistent with that
seenforotherimmunemultigenefamilies.Inallcaseswherethese
genes are present as highly expanded multigene families, both in
protostomes and deuterostomes, it is the vertebrate-like sccTLRs
that are ampliﬁed (Table 1).
Although not present in vertebrates, the prototypic Toll-like
mccTLR type can be identiﬁed in all eumetazoan phyla for which
representativegenomesequencesareavailable,includingthelower
chordates.UsuallythisTLRtypeispresentinsingle-copyorasvery
small gene families although moderate expansion is evident in a
few species (Table 1). The presence of the mccTLR type as the
only TLR gene in a basal eumetazoan, the cnidarian N. vectensis
(Miller et al., 2007), as well as in all protostomes and inverte-
brate deuterostomes suggests that the mccTLR was a primitive
component of eumetazoan genomes and that this receptor was
lost in the vertebrate lineage. It is notable, however, that this type
of receptor is always present in low numbers even in the species
with expanded sccTLR gene families. In the sea urchin, mccTLRs
are expressed at high levels in activated coelomocytes (Figure 5),
which is consistent with an immune-related function.
The members of TLR multigene families in the sea urchin are
characterized by apparently rapid sequence divergence within the
ectodomain and conservation within the TIR region (Figure 3).
Thiscouldbeexplainedeitherbyalackof constraintinthediverg-
ingLRRsorbyamoreactiveprocessof diversifyingselection.Our
analysissuggeststhatpositiveselectionplaysaroleinthediversiﬁ-
cation process and that it does so in spatially restricted regions of
theTLRstructure.Nearlyallresiduesthatarelikelyunderpositive
selectionarelocatedintheLRRs,mainlyintheconcaveregionthat
is formed by the LRR β-strands. Almost no selection is indicated
for residues within the TIR domain. This is consistent with obser-
vations in Drosophila immune genes, in which proteins involved
in immunity,particularly those involved in pathogen recognition,
were shown to have a higher proportion of residues under pos-
itive selection as compared to non-immune proteins (Sackton
et al., 2007). The pathogen-interacting domains of phagocytosis
receptors and two peptidoglycan recognition proteins were par-
ticularly enriched in codons likely to be under positive selection
withrespecttotheremainderof theproteins(Sacktonetal.,2007).
ThisisalsothecaseformanyTLRsinanalysesof positiveselection
carried out on the vertebrate sequences (Wlasiuk and Nachman,
2010;AlcaideandEdwards,2011;Arealetal.,2011;Tschirrenetal.,
2011). When signatures of positive selection are detected in the
vertebrate TLRs with known ligand-binding structure, it tends
to be in regions that are known to interact with non-self and in
regions that mediate dimerization. Thus the residues likely to be
under positive selection in the sea urchin may also correspond
to regions that interact with non-self. Notably,not all groups ana-
lyzedshowedevidenceof speciﬁcresiduesunderpositiveselection
and, in those that did, there was variation in the pattern of these
residues.Thismayreﬂectdifferentmechanismsoffunctionwithin
the subfamilies.
Multiplicity and patterns of incremental diversiﬁcation among
members of the major sea urchin sccTLR subfamilies in the
ectodomain imply a direct form of ligand recognition, although
some of the smaller, more conserved TLR gene families may be
specialized to function differently. The sea urchin TLR genes may
operatebyrecognizingnon-self moleculesthataresimilartothose
recognized by vertebrate TLRs but with greater specialization.
Alternatively,theymayhaveevolvedtorecognizeentirelydifferent
classes of molecules. The latter possibility is suggested by the spa-
tial distribution and extent of diversity, which is unlike that seen
among vertebrate TLRs. Given their multiplicity, the increased
variation in LRR regions,the signature of positive selection in the
portion of the genes encoding the ectodomain and the range of
variation from near identity to high divergence, the sea urchin
TLR genes appear to be evolving in response to a changing array
of binding requirements.
One problem in analyzing the large families of sea urchin TLRs
in the past has been the inability to ﬁnd any level of orthology
amongsubfamiliesininter-phylacomparisons(Roachetal.,2005;
Hibino et al., 2006). The exception to this is the mccTLR-sccTLR
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division which shows a weak signal of orthology even between sea
urchin and Drosophila genes (Hibino et al., 2006; Messier-Solek
et al., 2010). The introduction of a second sea urchin genome
into this analysis lends considerable insight into this issue. Phy-
logenetic analysis of the combined sea urchin TLR genes reveals
cases of relative conservation in terms of gene number and cases
of species-speciﬁc expansion or reduction. This can be used as an
indicatorof whichgenesmayhaveuniqueandnecessaryfunctions
and which genes may have interrelated,evolutionarily labile func-
tions. At the extremes,some groups are encoded in single-copy in
L. variegatus and greatly expanded in S. purpuratus (for example
thegroupIIIgenes)whileothers,suchasthegroupXandmccTLR
genes,appeartobemorephylogeneticallystablewithsinglecopies
present in the genomes of both species. It is not clear whether the
difference in the sizes of the gene families in these species is the
result of an expansion in the TLR gene family within the strongy-
locentrotid lineage or gene loss L. variegatus. As more sea urchin
genome sequences from outgroups to this clade are completed,
this will become better resolved.
ThequestionofwhetherornottheseaurchinTLRsarenon-self
receptors remains open but circumstantial evidence is consis-
tent with an immune function for many of the subfamilies. This
includes the following observations. (1)While expression of TLRs
is generally low, for some of the largest subfamilies, transcrip-
tion is greatly enhanced in phagocytic coelomocytes, many-fold
over other tissues. (2) Expression of TLRs is not detectable in the
embryo when primary developmental processes are unfolding but
is initiated in the feeding larva coincident with the transcriptional
activation of a suite of immune genes. (3) Multiplicity,variability,
and sequence signatures of positive selection are common fea-
turesofimmunemultigenefamilies.(4)Finally,whilethemajority
of Drosophila TLRs have not been associated with immunity but
are associated with other biological processes (Narbonne-Reveau
etal.,2011),allofthemammalianTLRsfunctionasdirectimmune
recognitionreceptors.Theseaurchinismorecloselyrelatedtover-
tebrates and the sea urchin TLRs resemble the vertebrate TLRs
more closely than they do the Drosophila TLRs with known
non-immune functions.
Of course the identiﬁcation of the ligands for the sea urchin
TLRs would answer this question deﬁnitively but this is a difﬁcult
technical challenge especially if, as may well be the case, the
ligands are non-self and diverse. A more tractable path to under-
stand the function of these receptors may be to focus on some
of the smaller families which can be experimentally targeted
but are nonetheless closely enough related to the expanded
subfamilies to imply a similar function. Phylogenetic analysis
of TLRs among sea urchins reveals some small TLR subfami-
lies that ﬁt this pattern and comparative work in species like
L. variegatus with relatively smaller TLR families will also be
useful.
Whatever the exact biological roles of the large TLR gene fami-
lies,itisprobablethattheseaurchinhasco-optedthiswellknown
receptor to a new variation of function that is more evolution-
arily labile than what has been well described in the vertebrates.
Some of this reassignment may have taken place within the sea
urchins as suggested by species-speciﬁc expansions. Nonetheless
recent and emerging genome sequences from across the bila-
terians indicate that large TLR repertoires may be widespread.
It remains to be seen whether these expansions share a com-
mon functional purpose or whether they are each the result
of a unique reaction to speciﬁc evolutionary pressures. While
much of the justiﬁcation for turning to as yet unstudied animal
phyla is focused on aspects of host defense that are shared with
mammals, in the long run comparative approaches will make a
muchrichercontributionbyrevealingwhatisnovelacrossanimal
immunity.
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APPENDIX
FIGUREA1 | Continued
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FIGUREA1 | Complete phylogeny of the sea urchinTLR sequences.The
TIR domains of theTLR sequences from S. purpuratus and L. variegatus were
used to construct the tree shown, which is a more detailed version of the tree
in Figure 2. Bootstrap values greater than 50 are shown. Red indicates clades
that are speciﬁc to S. purpuratus, blue clades contain only sequences from L.
variegatus, and black clades contain sequences from both species. Each of
the boxes (1–4) is shown in greater detail as indicated.The sequences are
labeled by scaffold number and the position of the open reading frame
(scaffold_start_stop). More information about the sequences can be found in
Tables S1 and S2 in Supplementary Material. Subfamily designations are
indicated on the right of each tree and correspond to those shown in
Figure 2.
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